Die approbierte gedruckte Originalversion dieser Diplomarbeit ist an der TU Wien Bibliothek verfligbar.

The approved original version of this thesis is available in print at TU Wien Bibliothek.

thele

(]
lio
nowledge

b

i
r

TECHNISCHE
UNIVERSITAT
WIEN

DIPLOMARBEIT

Homogenisation of structural breaks in the
global ESA CCI Soil Moisture

(multi-satellite) climate data record

zur Erlangung des akademischen Grades
Diplom-Ingenieur
im Rahmen des Studiums
Geodasie und Geoinformation
eingereicht von

Wolfgang Preimesberger

Matrikelnummer 01126962

ausgefiihrt am Department fiir Geodésie und Geoinformation
der Fakultat fiir Mathematik und Geoinformation der Technischen Universitdt Wien

Betreuer: Univ.Prof. Dr.rer.nat. Wouter Arnoud Dorigo MSc

Wien, 20.11.2019

(Unterschrift Verfasser/in) (Unterschrift Betreuer /in)


https://www.tuwien.at/bibliothek
https://www.tuwien.at/bibliothek
https://www.tuwien.at/bibliothek

Die approbierte gedruckte Originalversion dieser Diplomarbeit ist an der TU Wien Bibliothek verfligbar.

The approved original version of this thesis is available in print at TU Wien Bibliothek.

@ Sibliothek,
Your knowledge hub

Abstract

The ESA CCI Soil Moisture COMBINED product is a more than 40 year long
data record on global soil moisture for climate studies and applications. It merges
soil moisture observations derived from multiple active and passive satellite remote
sensing instruments in the microwave domain. Differences in sensor characteris-
tics (such as frequency or polarisation) can cause structural breaks in the product,
which are not completely removed during the merging process. These artificially
caused discontinuities can adversely affect studies using the long-term data set as
they make changes in the observations unrepresentative of long-term changes in re-
ality. Here we compare three adjustment methods in terms of reducing the number
of detected breaks in the soil moisture record. We investigate their impact on the
data with multiple validation metrics. Their potential (negative) influence is ex-
amined by comparing trends in the data before and after homogenisation. We find
that all three presented methods can reduce the number of detected breaks in ESA
CCI SM. Differences between the methods mainly concern their ability to handle
inhomogeneities in variance. Evaluation of the corrected data shows limited impact
of homogenisation in terms of quantitative validation metrics. Changes in soil mois-
ture trends due to removing breaks are found in some areas. We find that break
correction overall improves the already rather homogeneous data set while preserv-
ing its climate describing characteristics. Quantile Category Matching is identified
as the preferred method in terms of correcting breaks in ESA CCI SM.


https://www.tuwien.at/bibliothek
https://www.tuwien.at/bibliothek

Die approbierte gedruckte Originalversion dieser Diplomarbeit ist an der TU Wien Bibliothek verfligbar.

The approved original version of this thesis is available in print at TU Wien Bibliothek.

M Sibliothek,
Your knowledge hub

Kurzfassung

ESA CCI Soil Moisture ist ein mehr als 40 Jahre umfassender Datensatz, der den
global Bodenwassergehalt beschreibt. Es werden darin Messungen unterschiedlicher
aktiver und passiver, satellitengestiitzter Mikrowellen-Fernerkundungssystemen vere-
int. Unterschiede in den Sensoreigenschaften (wie Wellenldnge oder Polarisation der
gemessenen Strahlung) der kombinierten Messsysteme konnen zu Inhomogenitéiten
(“Springen”) im finalen Datensatz fithren, die weiterfiihrende Studien negative
beeinflussen kénnen. Diese Arbeit befasst sich mit der Untersuchung von drei
Methodiken zur Reduzierung von Inhomogenititen im ESA CCI SM Datensatz. Thr
Potential zur Verbesserung der Homogenitét inerhalb des Datensatzes wird ebenso
wie ihre Auswirkungen auf den Datensatz im Bezug auf Validierungsmetriken unter-
sucht. Der Einfluss von Inhomogenitdten und deren Korrektur auf Langzeitstudien
wird Anhand von Trends im Bodenfeuchtesignal untersucht. Wir kommen zum
Schluss, dass alle drei Methoden die Anzahl der detektierbaren Inhomogenitéten
im Datensatz reduzieren, wobei Unterschiede im Potential zur Korrektur von Inho-
mogenitéiten in der Varianz der Messungen festgestellt werden. Validierung der kor-
rigierten Messungen zeigt nur geringe Anderungen im Hinblick auf (relative) Fehler-
metriken. Anderungen in den Bodenfeuchtetrends aufgrund der Korrektur werden in
einigen Gebieten festgestellt. Die Korrektur von Inhomogenitéten verbessert global
betrachtet die Qualitdt des Datensatzes, wobei der das Klima beschreibenden An-
teil des Signals weitestgehend erhalten bleibt. Eine der drei Methodiken (”Quantile

Category Matching”) wird gegeniiber den anderen als bevorzuziehend identifiziert.

II
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1 BACKGROUND

1 Background

1.1 Soil Moisture - Essential Climate Variable

Soil moisture (SM) plays an important role in the global climate system, as it not only
acts as an indicator, but also as a driver of weather and climate. It takes a key role in
the global water, energy and carbon cycle. Vaporisation of soil water cools the surface
and fuels precipitation. SM affects (surface) water infiltration and runoff and therefore
droughts and floods [1], [2]. Soil water can limit vegetation growth and therefore affect
carbon uptake. It is an important input for weather predictions and affects agricultural
decisions (e.g. for irrigation) and is therefore of economic interest. SM is part of feedback
cycles that drive climate change [3].

Predictions on climate change and decisions based on potential future scenarios rely
on understanding the environmental processes and interactions in the real world. SM
acts as an important parameter in Earth system models, that are used in biogeoscience
to model interactions between the environment and living organisms in the real world
[3]. Reliable measurements allow scientists to analyse these interactions. Global mea-
surements are necessary due to the complexity of the Earth system, and even though
in situ measurements of climate variables (temperature, precipitation, soil moisture, ...)
are considered to be the observation type of highest quality, they cannot provide the
needed global coverage [4]. In addition, long-time measurements are needed to detect
changes over time. The Climate Change Initiative (CCI) of the European Space Agency
(ESA) is a program to provide scientists with these measurements. Therefore global,
long-term satellite measurements for multiple Essential Climate Variables (ECVs) are
collected and homogenised within the program [5]. SM is classified as an essential cli-
mate variable by the Global Climate Observing System (GCOS) [6] and ESA CCI SM
is the corresponding global, long-term soil moisture data set that is generated.

Measurements of SM from space-borne sensor systems, that measure radiation emitted
and/or reflected from Earth’s surface in the microwave domain, have proved to be a
valuable input for regional and especially large-scale (global) analyses and models [7],
[8]. In situ SM observations continue to gain in importance as they are not only used
directly within local hydrological studies, but also for calibration and validation of SM

estimates from satellite observations and models [9], [10].
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1.2 Satellite Remote Sensing 1 BACKGROUND

1.2 Satellite Remote Sensing

Compared to other remote sensing platforms (e.g. airborne systems), satellites can mea-
sure large areas with a (constant) high temporal coverage and are therefore especially
suitable for monitoring large-scale processes in the atmosphere (e.g. meteorological mea-
surements) [11] and on the ground (e.g. geophysical measurements and land cover clas-
sification). In return they generally provide data with lower spatial resolution compared
to airborne systems (depending on the type of observations).

A large number of satellite platforms and an even larger number of sensors that are
carried by them have been available over the last decades. Satellite sensors measure
radiation that comes from Earth, from objects on its surface and from the atmosphere
above in form of electromagnetic waves. Different sensors measure the energy carried by
waves in various domains of the electromagnetic spectrum (frequency bands). Important
spectral domains for remote sensing are the visible (optical remote sensing), infrared (IR)
and the microwave domain.

Globally operating Earth observation satellites used in the ESA CCI SM dataset move
on polar, sun-synchronous low Earth orbits (LEOs). Sun-synchronous orbits allow the
satellite to pass the equator at the same time of day and night (depending on the orbit,
referred to as the "ascending” or ”descending” overpass) at different locations regularly.
This orbit is especially important for systems that are affected by variations in the
illumination from sun [12]. Notably platforms on geostationary orbits exist, where the
satellite movement is in line with the rotation of Earth. They are not used in the ESA
CCI SM dataset but - if available - could be used to e.g. improve the data quality /density
in areas where SM from such sensors is available in future. The frequency at which a
point on Earth is actually measured (the temporal resolution) depends on the orbit of
the satellite, but also on the measurement setup of the sensor. Some sensors are even
steerable and can therefore increase the number of times a point on the surface is observed
when necessary (at the cost of observations at other locations). While the temporal
resolution depends mostly on the platform that carries a sensor, the sensors themselves
can be classified by the type of information they acquire. They vary in measurement
principle and measured quantity and have different advantages, disadvantages and are
therefore used for different purposes. Sensors can be specialised to one category or be a
hybrid of two but trade-offs must be made in terms of the data resolution for categories

that the sensor is not designed for [13].

1. Spatial Information : Imagers, high spatial resolution

2. Spectral Information : Spectrometers, high number of spectral bands.
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1.2 Satellite Remote Sensing 1 BACKGROUND

3. Intensity Information : Radiometers/Scatterometers, high radiometric resolu-

tion.

Sensors measuring at different wavelengths and different characteristics of electromag-
netic waves (e.g. amplitude, phase, polarisation) allow deriving more information on the
observed scene and different (environmental) variables. E.g. spectral information is key
when measuring gas contents in the atmosphere and intensity information (backscatter,
brightness temperature) is affected by the dielectric properties (water content) of an
object and the basis to derive SM [14]. The combination of multiple different sensors
allows a more complete picture of the surface conditions on Earth.

Advanced techniques allow to overcome the physical limitations of sensors to a certain
degree. E.g. Synthetic Aperture Radars (SARs) make use of the platform movement
and coherently recorded signals to identify phase shifts within (sub)regions of the an-
tenna beams to reach much higher spatial resolutions then "normal” radars (therefore
simulating a physically much larger antenna). Other interferometric techniques use dif-
ferences in the measurements of multiple (real or synthetic) antennas to enhance the
single measurements, e.g. by reducing antenna noise using signal-cross-correlations in

the passive case (e.g. SMOS).

1.2.1 Microwave Remote Sensing

Microwaves are short compared to radiowaves (hence their name) and long compared
to visible light. Microwaves in the SM-relevant domain (for wavelengths A ~ 3-30 cm,
and frequencies f ~ 1-10 GHz) are mostly unaffected by atmosphere, rain and clouds
as indicated by the atmospheric windows in Fig. 1'. They can therefore be used to
measure radiation from the surface of the Earth under nearly all atmospheric conditions.
Microwaves carry comparably low amounts of energy, measurements are therefore usually
noise-like in appearance. Shorter waves (including the visible domain) on the other hand
carry more energy, but are affected not only by the surface but also by the atmosphere
(and its composition) and therefore can be used to monitor e.g. gas concentrations or
cloud cover. The following frequency bands are of interest in terms of SM retrieval (after
“IEEE Standard Letter Designations for Radar-Frequency Bands” [15]): L (1-2 GHz,
15-30 cm), S? (2-4 GHz, 7.5-15 cm), C (4-8 GHz, 3.9-7.5 cm), X (8-12.5 GHz, 2.4-3.8
cm), Ku, K and Ka (12.5-40 GHz, 0.75-2.4 cm).

Radiation in the described domains is either emitted by the Earth directly (measured

!Original Image: NASA public domain, acquired from Wikimedia Commons
*Not in ESA CCI SM
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1.2 Satellite Remote Sensing 1 BACKGROUND
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Figure 1: Atmospheric opacity of electromagnetic waves for different wavelengths.

in the passive case) or (back)scattered radiation after irradiation from the measuring
sensor itself (active case). In any case sensors do not rely on direct illumination from the
sun, in contrast to optical sensors, which measures visible light (which is emitted by the
sun and that our eyes are therefore sensitive to). Other than light the longer microwaves
can to a certain degree penetrate through vegetation and soil layers, depending on the
composition.

The ESA CCI SM dataset combines SM measurements that are derived from the mea-
surements of radiometers and scatterometers, i.e. from active and passive microwave re-
mote sensing (MRS) systems. Therefore the basic measurement principles are described

in the next sections.

1.2.2 Passive MRS

Microwave radiometry measures the thermal radiation that is emitted by any object with
kinetic temperature > 0°K. At a temperature of ~ 300° K Earth emits phase incoherent
long and short wave radiation. The largest part is emitted in the IR domain (=10 pm),
while passive MRS measures the intensity of the radiation that is emitted at ~ 1-20
GHz.

Planck’s Law describes the electromagnetic radiance or spectral brightness (emitted
power) of a black body under a certain temperature and with a certain frequency. For
the microwave domain at the Earth’s surface temperature, the Rayleigh-Jeans law is a
simple (linear) but good approximation to Planck’s Law and can be used to describe
spectral brightness Ly under a certain brightness temperature (T) as in (1).

2f2kT, 2kT.
Piln 1, =200 (1)

As objects in reality are no blackbodies, a difference between the brightness tempera-

Ly=

c2

ture (T5) and the (actual) kinetic temperature (T), depending on the emissivity (e, the
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1.2 Satellite Remote Sensing 1 BACKGROUND

ability to emit radiation) of an object is evident as decribed in (2) and (3).

Ly greybody(T) = Lt piackbody(TB) = €L f plackbody (T') (2)

and
Tg = €T (3)

This is the basis that allows passive microwave remote sensing to retrieve parameters
related to the emissimity of an object by measuring the emitted radiation from Earth
[16]. Water has a high emissivity (0.96) compared to dry soil and radiometers can be
used to derive SM.

Measurements of the target brightness temperature of the surface are disturbed by
atmospheric emissions and interference, e.g. radio frequency interference (RFI) [17] and
by emissions from the radiometer itself, leading to a low Signal-to-Noise ratio (SNR) for
passive measurements. Due to the low energy amounts that are emitted by Earth in
the measured domain, a large instantaneous field of view (IFOV) is therefore necessary
to increase the collected energy by the sensor. This results in a relatively low spatial
resolution of the collected information.

Long-wave radiation emitted by Earth is prior absorbed (short-wave) radiation from
the sun. As shown in (4), the amount of radiation that is absorbed (a) is equal to the

amount that is emitted (¢). The part of the radiation that is not absorbed, is reflected

(r).

with r+a=1 and a=¢ —r=1—c¢ (4)

Eq. (4) indicates the link between passive and active MRS (described in more detail
by Kirchhoff’s Law). In the active case the surface is illuminated artificially and the
reflected radiation (that depends on the surface emissivity) is the quantity of interest.

Passive sensors combined in the ESA CCI SM dataset and their characteristics are
described in Table 1 (adapted from Gruber et al. [18]):
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1.2 Satellite Remote Sensing 1 BACKGROUND

Table 1
PASSIVE SENSORS IN ESA CCI SM V04.5 COMBINED

Sensor | SMMR SMM/I TMI" AMSR-E  WindSat  SMOS AMSR2
Platform Nimbus 7 DMSP TRMM Aqua Coriolis SMOS GCOM-W1
Band C K X C/X C/X L C/X
Spatial Res.? | 150 x 150 69 x 43 59 x 36 76 x 44 25 x 35 40 x 40 35 x 62
Period from Jan 1979 - Sep 1987 - Jan 1998 - Jul 2002 - Oct 2007 - Jan 2010 -  Jul 2012 -

to Aug 1987  Dec 2007 Dec 2013 Oct 2011 Jul 2012 Dec 2018 Dec 2018

'hetween 37° N and 37° S 2in km?

1.2.3 Active MRS

Active microwave remote sensing, or radio detection and ranging (RADAR), measures
radiation in form of pulses that are scattered back from the surface after actively irra-
diating the ground (receiving and transmitting unit is the same). Pulse measurements
(frequency modulation is used in modern chirp radars to improve the radiometric res-
olution) allow precise measurement of the distance between the transmitter and the
scatterer. Scattering describes the reflection and diffusion of radiation through the in-
teraction with particles. For example, atmospheric scattering of sunlight changes the
observed colour of the sky over the day. For active MRS the scattering interaction hap-
pens mainly at the surface as well as in the ground, allowing to subsequently derive
geophysical parameters from the received (backscattered) radiation.

This is described in the radar equation (5), which links the received power (P,) at
the satellite sensor, with respect to the transmitted power (P;), antenna properties
- gain (Gy) and effective area (A,) - and the distance between target and (moving)

transmitter/receiver (R, R,) as well as the radar cross section (o) of the the target [19].

PthArO'
P=—" 5
(47)2R? R2 (5)
and
o=Ac5r(1— fo)Gs (6)

o (in m?) depends on shape and dielectric properties of a scatterer and on the incident
radiation (frequency, polarisation, angle). Acss is the effective area, irradiated on the
ground, (1— f,) is the radiation that is not absorbed and G is the additional contribution
of the target (gain) to the received signal.

In Earth observation, ¢ is a complex combination of contributions from multiple
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1.2 Satellite Remote Sensing 1 BACKGROUND

sources due to the inhomogeneous nature of Earth’s surface and ground. Normalised
by the area - therefore in the unit of [m?m~2], often expressed on a logarithmic scale in
dB - the radar cross section is named the backscatter coefficient (). It is the quantity
used in retrieval models to derive geophysical variables related to the geometry/ rough-
ness and the dielectric properties (affected mainly by water content) of the measured
area, similar as described for the passive case.

Scatterometer observations in ESA CCI SM have similar spatial resolutions as the
passive products, which fits to the fact that the data set aims to provide global obser-
vations mainly for climate studies. SM from imaging radars (SAR) with higher spatial
resolution is becoming available [20] and could be utilised in the product generation in
the future.

The characteristics of active sensors that are combined in the ESA CCI SM dataset
are described in Table 2 (adapted from Gruber et al. [18]):

Table 2

ACTIVE SENSORS IN ESA CCl SM V04.5 COMBINED
Sensor ‘ AMI-WS  AMI-WS ASCAT-A ASCAT-B
Platform ERS-1/2 ERS-2 MetOp-A  MetOp-B
Band C C C C
Spatial Res.! | 50 x 50 25 x 25 25 x 25 25 x 25
Period from Jul 1991 - May 1997 -  Jan 2007 - Nov 2012 -

to Dec 2006 Feb 2007 Jun 2018 Jun 2018

Yin km?

1.2.4 Variable Retrieval

Satellite measurements contain contributions of multiple objects and processes in the
observed scene in terms of the measured radiation. Disentangling the single contributors
and retrieving different (in the case of soil moisture geophysical) variables with respect
to the observed scene is the main challenge when exploiting Earth observation sensor
measurements. The two main steps of parameter retrieval are the creation of a forward
model and the subsequent inversion of the model [21].

The forward model describes the observable quantity (radiation that is measured by
the satellite) for a certain observation scene and under certain measurement conditions.
It therefore takes into account parameters for one or multiple (atmospheric or geophys-
ical) variables of interest, for the (known) measurement configuration (e.g. observation

time, frequency, etc.) and for the state of the observed quantity (that is measured in
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1.2 Satellite Remote Sensing 1 BACKGROUND

practice). The number of parameters that are considered defines the complexity of the
model. In the case of SM, surface radiation is not only affected by the soil properties,
but also by water in the vegetation above. Volume models are therefore preferred over
bare soil models in most cases in practice. They allow (to a certain degree) differentia-
tion between the (backscatter) contribution from vegetation and from soil and therefore
retrieving vegetation variables such as vegetation water content. Still, dense vegetation
is problematic when deriving SM and therefore areas with dense vegetation coverage
(e.g. tropical forests) are masked out in ESA CCI SM. We differ between three kinds of

forward models:

1. Theoretical models : Aim to describe the state of the observed quantity us-
ing combinations of methods and theorems with researched (theoretical) physical

considerations directly. No ancillary data is necessary.

2. Empirical models : Aim to describe the state of the observed quantity using
a priori collected data and analyses (possibly from an experimental, supervised
setup). Together with reference data of the parameter(s) of interest, the model is

tuned to perform under various conditions.

3. Semi-empirical ("hybrid”) model : Aim to describe the state of the observed
quantity using a hybrid (theoretical and empirical) approach. The empirical func-
tion is fitted to theoretical results of the parameter(s) of interest and tuned using

reference observations.

Inversion of the forward model then allows deriving the searched (unknown) geo-
physical parameters by using the actual measurements as input. Model inversion is
an ill-posed problem because satellite measurements cover large areas with a multi-
tude of (dependent) geophysical/atmospheric parameters and because the number and
of available independent observations is limited. This means that the same (or a very
similar) result can be found from a (large) number of different combinations of model
parameters. Model calibration is necessary to tune parameters of a model so that the
inversion returns the optimal description of a geophysical variable in reality. Reference
measurements (station measurements on the ground) are important for calibration and
subsequent (independent) verification of the derived parameters. Different approaches
for minimising the discrepancies between the predicted and observed parameters at refer-
ence locations are available. Quantitative methods aim to find a set of model parameters

to optimise the model outputs in terms of various performance metrics [22]. Still, the
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1.2 Satellite Remote Sensing 1 BACKGROUND

derived output will never represent the true state of a variable, due to the unavoidable
errors and limitations of the measurement sensor (spatial, spectral, temporal and radio-
metric resolution) and the necessary generalisations and simplifications that are made
when creating the model. This has to be considered when using the data.

In the ESA CCI SM dataset, volumetric SM (in m3m~3) from all passive sensors is
derived using the Land Parameter Retrieval Model (LPRM) [23], [24]. Soil moisture from
scatterometer backscatter measurements is derived using the Water Retrieval Package
(WARP) [25], [26] (based on the TU-Wien Method [27]) for all active sensors.
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2 INTRODUCTION

The following chapters are also found in Preimesberger et al. [28].

2 Introduction

As part of ESA’s Climate Change Initiative, global long-term SM data sets are derived
from space-borne active and passive microwave remote sensing instruments [18], [29]-
[31]. Due to the limited operational period of single satellite systems, ESA CCI SM
uses multiple SM products from ongoing and past remote sensing programs to create
harmonised, merged, long-term data sets. As multiple different constellations of SM
products from microwave sensors with varying properties and characteristics (active and
passive) are combined, inhomogeneities (or structural breaks) at the transitions between
the merged sensor periods (Fig. 2) may not be completely removed by the merging pro-
cess. Structural breaks in climate data records can negatively influence the conclusion
of scientific analyses, as they make data unrepresentative of the actual climate variabil-
ity over time [32], [33]. Therefore especially for trend detection, inhomogeneities may
conceal the true characteristics of the measurements in use and may lead to misinter-
pretation of observed phenomena.

Detection and homogenisation of structural breaks has been subject of many studies
on terrestrial observations, mainly on measurements of temperature and precipitation.
Potential reasons for inhomogeneities in climate records were found due to urbanisation,
station movement, or change in measurement sensor type [34]—[36]. Independent of the
measured variable, studies that test the homogeneity of climate records suggest that no
long-term measurement data set is free of inhomogeneities.

More and more data from Earth observation satellites is becoming available and an
increasing number of disciplines is using it. Available data records are combined to over-
come the temporal limitations of single sensor products [5] and therefore the detection
of inhomogeneities in these records is becoming the topic of research (e.g. Pinzon et al.
[37] on Normalised Difference Vegetation Index (NDVI), Brinckmann et al. [38] for solar
irradiance data, Schroeder et al. [39] for satellite water vapour). However, correcting
detected breaks in combined satellite data sets is still a major challenge. SM records
in general have received little to no consideration in this regard. This is most likely
because most of them have covered relatively short time periods until now. Methods for
detection and adjustment depend on the type of climate record. Temperature and SM
are continuous variables, whereas for example precipitation is discontinuous [40]. SM
is limited by the soil saturation. Correction methods may also depend on the type of

shifts that are found in the data set, e.g. breaks in mean and variance. Some studies
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2 INTRODUCTION

also adapt correction methods to regional circumstances, to better take into account -
for example - local climate or weather [41], [42].

In this study we compare three different homogenisation methods. They aim to adjust
inhomogeneities in mean and variance in the global ESA CCI SM v04.5 COMBINED
multi-satellite product [18], [29]. The goal is to match homogeneous sub-periods that
were not sufficiently homogenised during the initial merging process. We aim to re-
duce the number of detected breaks and optimise the adjustment process in terms of
minimising error metrics with respect to (mostly) independent reference datasets. In
Section 3 the candidate (ESA CCI SM) and reference data used in the homogenisation
and evaluation process are described in more detail. The methods for the detection of
breaks are shortly reviewed in Section 4. Section 4 also looks at developing, adapting
and implementing three separate break correction methods within a satellite SM specific
framework. It further contains short descriptions of the common methodology to eval-
uate the corrections. Section 5 compares the results for different methods in terms of
the reduction of breaks in the ESA CCI SM v04.5 COMBINED data set. The impact of

adjustment on error metrics and long term trends in the data set is also described there.

11


https://www.tuwien.at/bibliothek
https://www.tuwien.at/bibliothek

Die approbierte gedruckte Originalversion dieser Diplomarbeit ist an der TU Wien Bibliothek verfligbar.

The approved original version of this thesis is available in print at TU Wien Bibliothek.

thele

(]
lio
nowledge

b

i
r

3 DATASETS AND PREPROCESSING

3 Datasets and preprocessing

3.1 ESA CCI SM

ESA CCI SM is a long term climate data record (CDR) on global SM, based on multiple
satellite remote sensing products (as indicated by sensor names in Fig. 2 for the ESA
CCI SM v04.5 COMBINED product). SM measurements from an (increasing) number of
satellite-based active (scatterometers, Fig. 2 blue names) and passive (radiometer, Fig.
2 red names) microwave observation systems are used in the merging process. ESA CCI
SM is available as three separate products, which contain only active, only passive and
both types of measurements (the here used COMBINED product) [18], [29]. Weights for
merging available sensor products are derived from Signal-to-Noise ratio (SNR) estimates
from Triple Collocation analysis (TC) [31]. Homogenisation of the single products is
achieved via scaling by matching cumulative distribution functions (CDF's) with respect
to SM simulations from the Global Land Data Assimilation System (GLDAS) Noah v2.1
[43] land surface model as the common reference data set. The most recent version of
ESA CCI SM spans over a period of over 40 years (1978-10-26 to 2018-12-31).

Sensor Sub Period

SSP,  SSPg  SSPs  SSP,  SSP; sSSP, SSP, SSP,
—SMMR—
—SSM/I
—AMI-WS
—TMI——
—AMSR-E
—~ASCAT-A:
—WindSat:
—SMOS:

~—AMSR2—|

—ASCAT-B—|
1978 1987 1991 1998 2002 2007 ( 2007 ) 2010 ( 2011 ) 2012 2018
10-26 07-09 08-05 01-01 06-19 01-01 10-01 01-15 10-05 07-01 12-31

Passive Sensor  Active Sensor

Sensor Transition Date

Figure 2: ESA CCI SM v04.5 COMBINED sensor periods: Horizontal lines describe the
temporal coverage of active (red) and passive (blue) sensor SM products. Boxes
indicate changes in the set of merged sensor products. Sensor transition dates
accord to the dates of potential breaks in the data set and define the sensor
sub-periods (SSPs). SSPy to SSP; therefore describe the minimal assumed
homogeneous sub-periods in the ESA CCI SM product. Two transitions are
excluded in this study (parenthesised dates) to avoid sub-periods that are

shorter than

one year.
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3.2 MERRA2 3 DATASETS AND PREPROCESSING

ESA CCI SM COMBINED observations are representative of water in the top layer
of the soil (first few centimetres, depending on the radiometric properties of the merged
sensors at any given time) and expressed in volumetric units (m3m=3). The data is
organised on a global quarter degree grid. Observation flags as well as error estimates
for single observations are provided with the SM measurements. We use only the un-
flagged (”good”) observations of ESA CCI SM in this study. The original ESA CCI SM
daily images were converted into a time series format with varying temporal coverage,
depending on the number and orbits of the sensor platforms in use. From the nine
sensor transition dates as shown in Fig. 2 (excluding the start and end date), seven
are considered in this study, excluding October 2011 and October 2007 to avoid sensor
sub-periods that are shorter than one year. This results in a total of eight (assumed)
homogeneous sensor sub-periods (SSPs) in between the potential breaks. The ESA CCI
SM product is released together with a static mask of densely vegetated areas, which
covers about 6% of all global land points (excluding Antarctica). SM retrievals from
satellite observations are unreliable in these (tropical rainforest) areas [44]. Therefore
they are excluded in all results and areas are marked in most maps with dark green

colour.

3.2 MERRA2

In this study we use relative methods to detect and correct breaks. This means that for
testing and adjusting the homogeneity of single candidate observation series we rely on
(homogeneous) reference observations for comparison in non-parametric statistical tests
[45] and also for characterisation of detected breaks for subsequent adjustment. The
candidate and reference datasets must be similarly influenced by climate and weather to
distinguish between artificial and natural shifts. Assuming that the reference is homo-
geneous, artificial breaks (that are introduced by a change in the measurement setup)
would only appear in the candidate. Naturally caused changes would be represented
in both datasets [46]. Finding a suitable reference for a candidate is a fundamental
part of all relative break testing/adjustment methods. Most studies prefer using in
situ measurements to analyse the homogeneity of other nearby stations over reanalysis
data as they are considered to contain less (and better documented) breaks [47]. In
situ SM observation sites are, however, limited in coverage and generally span shorter
time periods than satellite observations [4]. Therefore, the use of in situ reference data
for homogenising (multi-)satellite observations is not feasible in our case and a global

long-term reference product is needed. Land surface models replicate the interactions of
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3.2 MERRA2 3 DATASETS AND PREPROCESSING

climate processes on Earth and therefore assimilate observations that indirectly affect
the simulated SM state (e.g. precipitation). Satellite SM observations are not directly
assimilated in most models, which are therefore as independent as possible from the ESA
CCI SM data set. The use of reanalysis reference data for detection and adjustment of
breaks in climate variables is a common practice in homogenisation studies for cases
where in situ measurements are not sufficiently available (e.g Azorin-Molina et al. [48]
on wind speed observations). A single series from the reference data set can be used
directly - the nearest neighbour is usually considered to show the most similar naturally
caused deviations - or multiple nearby references can be combined to create a benchmark
for the candidate [49]. As spatial inconsistencies in model SM simulations are assumed
to be small, the creation of merged reference series (e.g. from neighbouring pixels) is
considered not to be necessary within this study.

In this study, we used the National Aeronautics and Space Administration (NASA)
Global Modelling and Assimilation Office (GMAO) Modern-Era Retrospective analysis
for Research and Applications 2 (MERRA2) data set [50], [51]. MERRA2 provides
hourly soil water simulations starting with the beginning of the year 1980 until present.
It therefore covers a similar time period as ESA CCI SM. We select SM simulations
from the (single) nearest grid point in the MERRA2 reanalysis reference data set to
act as a the reference for each according candidate. The data is computed on a global
0.5°x0.625° grid. The original hourly fields were temporally resampled to daily averages
to match the temporal sampling of the ESA CCI SM product.

By using MERRA2 SM, we follow Su et al. [45], who found SM from the MERRA-Land
model [52] skillful in terms of global detection of inhomogeneities. Both MERRA2 and
MERRA-Land use observation-based precipitation forcing for creating SM simulations
[53]. Model SM is therefore assumed to contain less inhomogeneities compared to ESA
CCI SM, especially in areas with precipitation measurements. We use the ” Water Surface
Layer” (referred to by the official short name SFMC) variable of MERRA2 (in m3m=3).
It is representative of SM in the top ten centimetres of the soil and therefore comparable
to ESA CCI SM observations. A bias between the two is expected, because of the
different model scales and computational differences of MERRA2 compared to the scaling
reference used in the production of ESA CCI SM (the GLDAS Noah v2.1). This bias
is accounted for by matching the CDF of the reference series to that of the candidate
series at each grid cell [54], [55]. A predefined set of percentiles (0, 5, 10, 30, 50, 70, 90,

95, 100) with a linear interpolation between them is used.
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3.3 ECMWEF reanalysis 3 DATASETS AND PREPROCESSING

3.3 ECMWF reanalysis

We use two reanalysis products from the European Centre for Medium-Range Weather
Forecasts (ECMWTF) for validation [56], i.e. simulations from the recently released ERA5
reanalysis [57], which is the successor to the ERA-Interim reanalysis [58], as well as
from the according ERA-Interim/Land product [59]. ERA5 provides global, sub-daily
simulations of variables for land, atmosphere and ocean waves. 6-hourly images (starting
at 0:00 UTC) with a spatial resolution of 0.25° x 0.25° of the topmost (0-7 cm) of four
available soil water layers - the ” Volumetric soil water layer 1”7 (SWVL1) variable between
1979 and 2018 - were temporally resampled (arithmetic mean of 6-hourly simulations)
to match the daily resolution of ESA CCI SM. ERA-Interim/Land uses near-surface
meteorological fields of ERA-Interim together with precipitation adjustments to force
the HTESSEL land surface model, leading to improvements in terms of land water
simulations compared to the ERA-Interim reanalysis. A temporally extended version of
the data set was used, in which the ”Volumetric Soil Moisture of Layer 1”7 variable is
available in the period from 1979 until 2015 with a horizontal resolution of ~ 80 km.
Similar as for ERA5, ERA-Interim/Land simulations were temporally resampled to daily

averages.
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4 METHODS

4 Methods

4.1 Break Detection

To detect breaks in ESA CCI SM v04.5 COMBINED, we follow Su et al. [45]. This
method uses Relative Tests with Model reanalysis reference data (RTM) on SM differ-
ence series (ASM) between candidate observations from ESA CCI SM and the corre-
sponding reference simulations from MERRA2. Difference series do not include naturally
caused variations (that are not breaks) between SSPs - since they should exist in both
datasets. The null hypothesis for break detection therefore is, that there are no signifi-
cant differences in the first two moments of distributions of ASM before and after the
tested sensor transition date. In the ESA CCI SM dataset the potential break dates are
defined by variations in the sensor products that are combined (the SSPs shown in Fig.
2) and therefore known beforehand. SSPs form the minimum input sets for break de-
tection and correction. As will be shown later, input data for testing and correction are
not restricted to SSPs but can be extended across negatively tested (i.e. homogeneous)
transition dates. We formulate pairs of adjacent SSP difference series as described in (7)

and (8) as the input sets for statistical testing.

ASMgsp,, = CANssp,, — REFssp, (7)

ASMssp,, = CANgssp,, — REFssp,, (8)

For each sub-period SSP; ;, i € [0,..,6] is the identifier of the tested transition date,
with ¢ = 0 as the latest date of potentially introducing a break. j marks whether
the respective period is before (j = 1) or after (j = 0) the tested transition date that
separates the two sub-periods (compare to Fig. 3b). For testing, common daily candidate
(CAN) and reference (REF') values were jointly temporally resampled as monthly means
with a required daily coverage per month of > 30% [45]. Therefore > 9 days per month
are required to calculate the arithmetic mean that is then representative for the month,
otherwise no value is assigned. Monthly averages are chosen as the input to reduce
noise and outliers in each SSP, which could make detection of mean and variance breaks
unreliable [45].

Breaks are detected by relative, nonparametric, statistical testing [32], [60], following
two methods that were found applicable to the ESA CCI SM v02.2 COMBINED datasets
by Su et al. [45]. First we use the nonparametric Wilcoxon rank-sum test (WK) [61] for

detection of shifts in ranked, tie-corrected [62] difference values, which corresponds to an
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4.2 Break Correction 4 METHODS

assumed mean break in the candidate. Second the nonparametric Fligner-Killeen test
(FK) [63] detects relative shifts in the variance of two differences series. Su et al. [45]
found both methods skilful in terms of odds ratio (incorrect versus correct detection of
an inhomogeneity) and Hanssen-Kuipers discriminant (skill of separating detected inho-
mogeneities from homogeneities) when comparing results from RTM to relative testing
with reference data from in situ measurements. The resampled observations are again
scaled before calculating ASM within the SSP pairs using linear regression scaling to
reduce common short term biases that may exist across the tested transition date. Rel-
ative biases (i.e. breaks that should be detected) in mean and variance between the two
periods are not affected by this scaling choice.

The input observations used in break testing need to comply with two predefined
statistical requirements. 1) The number of monthly values in SSP; o and SSP; ; is suffi-
ciently large (N > 10). 2) Spearman’s R (Rgp) between the candidate and reference is
greater than 0.5 and significant (p < 0.05) across the combined sub-periods (joined pe-
riod SSP; o with SSP; ;). If any of these two preconditions fails, the respective transition
date is not tested.

We identify three possible types of sensor transition dates in ESA CCI SM in each
location. 1) Homogeneous (negatively tested) transition dates: Both null hypotheses (by
WK and FK) cannot be rejected. 2) Inhomogeneous (positively tested) transition dates:
A statistically significant break in mean, variance (or both) is detected. 3) Untested
transition dates: Both tests are not applied because one (or both) of the prerequisites is
not fulfilled.

4.2 Break Correction

4.2.1 Procedure Overview

To homogenise detected breaks in ESA CCI SM v04.5 COMBINED, an iterative adjust-
ment approach is implemented, starting from the most recent SSP. For each candidate
series we start by detecting breaks between SSPs as described in Section 4.1 and as
schematically shown in Fig. 3b.

Then - based on these (initial) test results - breaks are quantified by comparing ez-
tended SSPs, which are referred to as model sub-periods (MSPs). This means that the
sensor periods before and after detected breaks are expanded across negatively tested
(homogeneous) sensor transition dates (compare e.g. MSP; ; in Fig. 3c) or successfully
removed ones (during previous correction iterations, as indicated by the dashed horizon-

tal line part of MSPsq in Fig. 3c). Extension is not performed across detected breaks
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4.2 Break Correction 4 METHODS

and untestable dates (compare e.g. MSP; ; respectively M SP; o in Fig. 3c). This al-
lows to increase the number of input values for correction which makes it more robust.
To ensure that the period extension does not affect the test result, break detection is
repeated with values in the MSPs (instead of the SSPs) before attempting to correct
any re-detected breaks. If the break is not detected again using the extended period,
it is not corrected. As an additional requirement to the re-detection, correction is only
attempted if the candidate and reference correlate sufficiently with Pearson’s correlation
coefficient Rp > 0.3. This is done on top of the previous evaluations for testing, to
make prerequisites for correction even more restrictive (step I. in Fig. 4). Rp is checked
for both MSPs around the break (for the LMP and QCM methods, described in Sec-
tions 4.2.2 and 4.2.4), respectively only for MSP; o (for the HOM method, described in
Section 4.2.3).

In addition to finding MSPs, the initial break detection is also used to define ASPs
(see Fig. 3c) for each iteration of correction and between detected breaks. As not all
sensor transition dates can be tested, it is necessary to separate the input values used
for quantifying a break (MSPs) from values that corrections are applied to (ASP). On the
one hand this is done to avoid that derived corrections are distorted by inhomogeneous
observations, which could be the case if M SP;; included untestable subperiods that are
potentially inhomogeneous. On the other hand this avoids the accumulation of previously
corrected shifts at earlier, untestable transition dates. Notably, MSPF;; and ASP; are
equal in cases where there is no untestable transition date between two detected breaks
(e.g. MSP;; = ASP; in Fig. 3c). Applying correction factors to ASPs, that were found
between MSPs in cases when M SP; 1 # ASP; therefore assumes that values that are in
ASP; but not in M SP,;; are shifted accordingly. Then not only are the MSPs matched,
but also untested or homogeneous transitions would remain unchanged (as will be shown
later this is not always the case). This correction procedure (step II a. and II b. in Fig.
4) is evaluated to some extent in a third iteration of break detection - after adjustment
- again using the MSPs as inputs (step III. in Fig. 4). We evaluate: 1) Whether a break
was completely removed and 2) whether the relative bias between ASP; and MSP;
(i.e. before and after the break) has decreased.

If one of the two checks after adjustment fails, the correction is reverted and the
values from before adjusting the current subperiod are restored (step IV a. in Fig. 4).
Equations (9)-(11) describe the second (bias) constraint between the adjusted (ADJ) and
uncorrected (CAN) candidate with respect to the reference (REF) data in the according
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4.2 Break Correction 4 METHODS

periods.

A-ijlsi,adjusted S ABI!4Si,unadjusi&ed (9)

with
ABIAS; agjustea = |BIAS(ADJ, REF) asp, — BIAS(CAN, REF) psp, ,| (10)

and
ABIAS; unadjustea = |BIAS(CAN, REF) ssp, — BIAS(CAN, REF)ysp,,| (1)

As indicated by (9)-(11) and Fig. 3c, we aim to relatively fit the period before a break
to the homogeneous period after the break. The most recent homogeneous sub-period
(MSPy) is referred to as the base period, as iterative adjustment progresses towards
the beginning of the candidate series. Values in the base period are never changed.
The most recent homogeneous sub-period is chosen as the base period for the following
reasons: First, because later periods of the ESA CCI SM v04.5 COMBINED dataset
show higher temporal coverage compared to earlier periods due to the larger number of
merged sensor products (compare to SI Fig. 5). Second, because the quality of used
sensors has improved over time, resulting in the most accurate observations for later
periods. Lastly, because compared to other sensor periods, with more than six years in
length this is a relatively long (assumed) homogeneous period without changes in the
merged sensor products.

Fig. 4 shows the complete previously described processing cycle for correcting multi-
ple breaks at a single location and the three (interchangeable) principles (LMP, HOM
and QCM in step II. of Fig. 4) to quantify the size of detected inhomogeneities and
subsequently remove them. The goal is to identify one approach that not only reduces
breaks in the ESA CCI SM data and improves its quality, but simultaneously preserves
the (not break-related) characteristics.

To explain and compare the three different adjustment principles in an example case in
the following sections, values for ESA CCI SM and MERRAZ2 in the homogeneous period
between 2010-01-12 and 2018-12-31 for a single point in North Louisiana (Lat: 32.875°,
Lon: -91.625°) are used. ESA CCI SM values before 2012-07-01 have been distorted by
an arbitrary multiplicative factor of 1.1 and an additive bias of +0.05 m3m ™3 to create
a synthetic mean-break of known size (detected by WK, also illustrated in SI Figs. 1, 2
and 3).
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Figure 3: Schematic representation of period nomination for break detection (b) and cor-
rection (c¢) and concept of period extension for correction. The original sensor
transition dates in each candidate series (vertical lines in the top segment) are
initially tested as shown in the middle segment: Testing detects homogeneities
(dashed green lines) and breaks (solid red lines) as well as un-testable transi-
tions (dashed grey lines). The lower segment shows the period extension for
adjustment based on the initial break detection, where MSPs for quantifying
the break are extended across homogeneities (green) only. Due to untested
transition dates, ASPs - periods that corrections derived from MSPs are ap-
plied to - cannot be equal to the respective MSPs and are therefore defined as
the candidate observations between detected breaks.
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4.2 Break Correction
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Figure 4: Process cycle of the iterative correction between detected breaks.
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4.2 Break Correction 4 METHODS

4.2.2 Method 1: Linear Model Pair matching (LMP)

For the first method we assume that detected relative breaks in each candidate can be
quantified by differences in the parameters of two linear regression models [64]. The
first model is found between the candidate and reference in MSP; . The second one
accordingly within MSP; ;. Monthly resampled candidate and reference observations
(as in Section 4.1) are used as inputs to model the linear relationship Y = X - [, B]T +¢
with candidate observations (Y), the design matrix (X), the model intercept («) and
slope (). € describes the (minimised) residuals between the least-squares predicted and
the observed values. A break (in mean or variance) in the candidate across MSP; o and
MSP; 1 leads to differences in the model coefficients ajss P, and apsp, , respectively
Bmsp,, and Brsp,, of the two sub-periods. Discrepancies in o and (3 represent additive
respectively multiplicative relative biases.

To reduce the impact of outliers on the models, in addition to using monthly values
we exclude the 5% of observation pairs with the largest corresponding |ASM|. It is
assumed that single outliers are not caused by relative breaks between the compared
periods as breaks affect the whole period.

Fig. 5 shows the linear regression models for the two MSPs around the introduced
break in the example series in North Louisiana. The calculated model coefficients for
the biased observations in MSP; o were found with a = 0.15 and 8 = 0.75 from 29
observations (Fig. 5a) and for M SP with o = 0.10 and 5 = 0.68 from 69 observations
in this period (Fig. 5b). The introduced break is therefore mainly represented as a
difference in the « coefficient in the example case.

As discrepancies in the model coefficients represent the size of the detected break
they can be used to find required corrections as described in (12)-(14). C AN describes
the monthly values, that are also used for finding the regression models. CANK;??;?O"
contains monthly corrections for each candidate value before the introduction date of
the detected break.

CAN]C\/([)g%ic,tlwn - (T ’ CANMSPi,l + C) - CANMSPi,l (12)
with 5
r= <MSP"’°> (13)
Brspi,
and
¢= (aMSPm -r: aMSPi,O) (14)

To apply the corrections (CAN]CV‘}QT}SE?O”) to observations in the extended period ASP;,
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Figure 5: LMP adjustment - linear regression models for the two MSPs, i.e. before (a)
and after (b) the detected break. The introduced bias leads to a discrepancy in
the models coefficients. For comparison (c) shows the same period as (a), but
after successful correction, which resulted in matching the model parameters
to (b).

we follow Vincent et al. [42] and find one average correction for each month of C’A]\710\/%3}_%‘?1
(i.e. the arithmetic mean of all corrections for January, for February, and so on). We
then multiply the so found vector with the tridiagonal A-matrix (15) from Sheng et al.
[65] to find a mid-month "target” value (at day 15) of each month. Linear interpolation
between these ”target” values leads to daily corrections that are - for each month - on

average equal to the original monthly corrections.

7/8 1/8
1/8 6/8 1/8
A= ' - .
1/8 6/8 1/8
1/8 7/8

These adjustments are then repeatedly applied (added) to the original inputs in the
period to adjust (ASPF;), until the next break (or the beginning of the observation series).
This way we adjust observations in M SPF;; and theoretically also match the remaining
values in ASP; accordingly without introducing (undetectable) relative differences be-

tween them.
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4.2 Break Correction 4 METHODS

4.2.3 Method 2: Higher Order Moments adjustment (HOM)

This homogenisation method was originally proposed by Della-Marta et al. [66] and
successfully used to correct inhomogeneities in in situ temperature observations. It
makes use of a quadratic regression model from the candidate and reference after a
break to predict and correct observations before the break. Polynomial regressions allow
considering potential nonlinearities, which may appear between satellite and reanalysis
data, when quantifying breaks. They may be caused for example by (too) high reanalysis
SM auto-correlation or varying discrepancies between model and satellite observations
(e.g. for different seasons due to the unreliability of satellite SM estimates under frozen
soil conditions).

We start by fitting a second order polynomial regression model between the ESA CCI
SM candidate and MERRA2 reference series in the MSP after the break (a linear model
is used in cases where Rp > 0.8 with p < 0.05 between the candidate and reference in

MSP;). Again monthly resampled and filtered values (as in Section 4.2.2) are used

it ~n der TU Wien Bibliothek verfligbar.
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4.2 Break Correction 4 METHODS
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Figure 7: SM residuals between observed and predicted candidate (circles) and derived
quantile adjustments (LOWESS fit with o = 0.6, dashed blue line) within the
period MSPFy; of the example time series.

neous) predictions of the candidate. We find adjustments for the candidate observations
based on these predictions: We use a theory of L-moments approach [67] to fit either a
Normal, a Pearson Type Three, a Generalised Normal or a Generalised Extreme Value
distribution to the candidate in the MSP after the break (compare SI Fig. 2). A
Kolmogorov-Smirnoff test (KS) [68] is used to compare the ensemble of possible theoret-
ical CDFs to the candidate observations and predictions. The best fitting distribution
is selected by minimising the maximum deviation (the KS statistics) between fitted
theoretical and empirical CDF.

The so found CDF for the candidate after the break is used to calculate quantiles for
the observations (CANysp, ;) and predictions (PREDysp, ) before the break, respec-
tively the observations in ASP;. We then fit a Locally weighted scatterplot smoothing
(LOWESS) function [69] [70] to the SM differences (residuals) between the observa-
tions and predictions (ASM = CANysp,, — PREDysp, ) as shown in Fig. 7 for the
demonstration case. LOWESS uses multiple linear estimates within local subsets of the
residuals to fit a smooth polynomial. The factor « allows control over the smoothing by
increasing/decreasing the subset size used for estimating the local regressions to com-
bine. A fraction of & = 0.6 was chosen to fit a curve, that varies only little and represents
the distinct adjustment of each quantile. These corrections are then applied (added) to
all candidate observations in ASP; to relatively fit ESA CCI SM values before the break
to observations in the MSP after the break with respect to changes in MERRA2.
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4.2 Break Correction 4 METHODS

4.2.4 Method 3: Quantile Category Matching adjustment (QCM)

This method was proposed by Wang et al. [71], who adjusted breaks in (de-trended)
precipitation series (absolute method) and adapted by e.g. Vincent et al. [72] to ad-
just breaks in temperature series using nearby in situ reference observations (relative
method). It builds on the assumption that adjustments for a detected break can be de-
rived by detecting differences in a number of (median) empirical cumulative frequencies
(AECF) of various quantile categories (QCs) between the candidate and the reference
before and after the transition date. Each category contains observations over an equal
range of quantiles. Differences are found by comparison of QC means of adjacent homo-
geneous sub-periods (MSP; o and MSP; ;). Relative differences between the candidate
and the reference across the detected break then represent the size of the break for each
QC separately.

We start with a maximum of four (quartile) categories because ESA CCI SM sensor
periods can be short (compare Fig. 2) and include a limited range of theoretically pos-
sible observation values. Reasons for this can be for example low climate variability,
geophysical restraints or inherited limits from the CCI scaling reference (GLDAS Noah)
[29]. We find quantiles by sorting (ranking) data in ascending order by the candidate
subset and find for each (unique) candidate observation the normalised cumulative fre-
quency (CF) in both MSPs around a detected break. We divide the ranked observations
of each MSP into the selected number of categories, so that each category spans over
an equal range of CFs (again by candidate). For each QC; € [1,...,QC] with QC < 4
in each MSP, we find the median CF of its according CF range and find the mean of
the differences between the candidate and the reference in this category (AECF) as
described in (16) and (17).

C; —0.5
AECF<QC> = mean(CANMspi,O,Qci - REFMSPi,O,QCi) (16)
Q MSP;
C; —0.5
AECF(CQC) = mean(CANMSPM,QCi - REFMSPM,QCQ) (17)
Q MSP;

AECF for MSPyo and MSPF,; for the example break are shown in Fig. 8a and 8b
where the dots are the differences between the median CF of the candidate and reference.
The median CF represents the frequency range of each category (indicated by the bars).

In cases where the number of categories is too high (i.e. one or more category does not
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include any observations), we reduce QC by one until each category contains observations

or only one category containing all observations for each MSP is left.

AECF,1 of MSPg 1 AECF, o of MSPy, o (base period) A =AECFy,0 — AECFj,1 and spline fit
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Figure 8: QCM adjustment - AECF for the MSP before - (a), red bars - and after (b)
the transition date of the introduced break. Differences between AECF's (c)
are used to find adjustments for all biased observations (spline interpolation,
dashed blue line), and result in matching the ECF of the candidate in MSP
to the reference relative to differences in MSPy after correction - (a), blue
bars.

We then calculate the category differences between the AECF of the two MSPs as
described in (18).

C; — 0.5 C; —0.5 C; —0.5
A(QT) - AECFMSPZ‘,() (QT) - AECFMSPI.J (QT> (18)

where A are the corrections to fit the median CF of the candidate of the period before
the break relatively to changes in the reference. To ensure a smooth transition across
the categories, we fit a cubic spline to the median CFs, with A(0) and A(1) being equal
to the first respectively last category difference value as shown in Fig. 8c. Notably,
when the total number of categories QC = 1, all values before and after the break
represent one group and adjustment results in a (constant) relative mean matching. To

apply the adjustments to the candidate observations, we first find the ECF of all values
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to adjust (ASP;) and apply adjustments to them, that were calculated as described in
(18). Therefore we shift the extended period according to corrections from the MSPs.
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4.3 Evaluation 4 METHODS

The blue bars in Fig. 8a show the differences in the quantile categories between the
adjusted candidate and the reference in the MSP before the break. As adjustments were
found based on the extended period ASF,, AECFy; after correction does not exactly
match AECFE) (in 8b), but is almost equal and differences are much smaller than before

adjustment.

4.3 Evaluation

We evaluate and compare the fidelity of the described homogenisation approaches by us-
ing quantitative error metrics. In-depth validation of ESA CCI SM has been the subject
of numerous studies [73], [74]. Our goal is to assess the impact of the three adjustment
methods on the original data set. Validation is performed with respect to the ERAS
reanalysis as it can be considered mostly independent from the satellite SM observations
and the MERRA2 reference product used in the adjustment process. We compute: Bias
(difference in means), root-mean-square-difference (RMSD), unbiased root-mean-square-
difference (ubRMSD), Pearson’s and Spearman’s correlation (Rp and Rg) as well as the
mean-square error (MSE) and the residual sum of squares (RSS). Before calculation of
the ubRMSD, ESA CCI SM datasets were scaled to ERA5 by matching their mean and
standard deviation [55]. Biases between ESA CCI SM and ERA5 are expected to be
dominated by discrepancies between GLDAS Noah (which is used in the production if
ESA CCI SM) and ERA5. Error metrics are calculated for the single SSPs of ESA CCI
SM v04.5 COMBINED from Fig. 2 as well as for the full period. Intercomparison is
performed only for locations that were adjusted in any sub-period and with all three
methods. Therefore a total of 41518 points was used. As ERAS is available in quarter
degree resolution, validation of quasi-collocated grid cells (a constant offset between the

cell origins was accounted for) can be performed.

We investigate the impact of adjustment methods on long term trends in the ESA
CCI SM data set by comparing changes over time between the unadjusted and adjusted
versions and multiple reference products (ERA5, ERA-Interim/Land, MERRA2). The
impact of adjustment methods on data set trends is of special interest, as ESA CCI
SM aims to provide a data record for long term climate assessments. We follow the ap-
proach as described by Dorigo et al. [75] and Albergel et al. [76] and calculate Theil-Sen
trend estimates [77] of seasonal averages together with a nonparametric Mann-Kendall
test [78]-[80] to detect significant SM increase or decrease (p < 0.05) independent from

how observations are distributed. Theil-Sen estimates provide linear fitting of the un-
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derlying observations that are robust to outliers due to using the median of multiple
slope estimates. Only values after 1991-08-05 are used because of the consistency of
underlying data sources. Linear regression based scaling [55] was applied to all datasets
before calculation of slopes with the unadjusted observations acting as the scaling refer-
ence. Trends were calculated over all observations starting in 1991 as well as for pairs of

subsequent SSPs after 1991 as these were the temporal basis for the applied correction.
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5 RESULTS AND DISCUSSION

5 Results and Discussion

5.1 Global break detection and correction

Fig. 9 shows location and types of detected breaks for the sensor transitions at 2012-07-
01 (Fig. 9 left column) and 2002-06-19 (Fig. 9 right column) before and after adjustment
with the three described methods. The first transition date in 2012 contains the last SSP
of the dataset (base period) and therefore represents the first iteration of adjustment
performed on the candidate data. These results are not influenced by any previous
correction iterations and should be easiest to reproduce. Therefore they best represent
direct differences between the correction methodologies. As the sensor transition at
2011-10-05 was excluded from the correction process (to avoid sub-periods that are
shorter than one year) potential breaks caused by changes in the sensor constellation
from this date could affect the 2012 test results as they are included in SSFy;. The
sensor transition in 2002 contains the largest number of detected breaks in the original
data set (of both types) with respect to a relatively low testing coverage. Table 3 shows
the detailed test statistics on the number of detected breaks and covered points for all
seven considered sensor transition dates, before (”original”) and after correcting detected
breaks in ESA CCI SM with the respective method ("LMP”, "HOM” and "QCM”).
HOM uses mostly quadratic models (in 66% to 86% of concurrent cases, compare to SI
Fig. 14). 1987-07-09 is excluded from the table as no testing is possible.

Figs. 9a and 9b show the initial test results of the original SSPs in the unadjusted
dataset. For all tested transition dates the number of detected breaks in mean is 5-
7 times larger than the number of variance breaks. The highest number of breaks in
mean and most simultaneous (mean and variance) breaks are detected for the sensor
transition in 2002-06-19 (29.13% respectively 3.19%, relative to the number of tested
points). 1991-08-05 shows the highest relative coverage of variance breaks with 4.40%.
The least breaks are detected for the sensor transition in 2010-01-15. As three of the
four sensors used after 2010 were already part of the merged dataset in the preceding
SSP, this indicates that the homogeneity of the dataset is affected more if more sensor
products are replaced or complemented by others and less if the sensor constellation
remains similar. An overall decrease in the absolute number of tested points (”Test
Coverage”) towards earlier periods of ESA CCI SM can be observed. This is mainly
due to the smaller number of available sensors, the observation frequency and therefore
the data density in these periods but also due to slightly decreasing correlation with
MERRA2. This leads to the prerequisites for testing not being met and therefore no
testing being possible for the first sensor transition in 1987-07-09. The number of tested
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5.1 Global break detection and correction 5 RESULTS AND DISCUSSION

ESA CCI SM points for later periods increases from ~20% in 1991 up to more than 50%
in 2010 and 2012.

Figs. 9¢-9h show results of a separate test run after correction with the three respective
methods (compare to the statistics in Table 3). The original SSPs without any extension
(same as for the unadjusted data in 9a and 9b) were used. It can be seen that the number
of detected breaks is significantly reduced by all three correction methods. Overall, the
results for all three methods are very similar in terms of coverage and number and
location of (un)removed breaks. The number of breaks in mean detected by WK is
reduced by ~70-80% compared to the original data. Repeated testing after QCM shows
the lowest number of detected breaks (of both types) after adjustment for all tested
dates compared to the other methods. All methods perform better in terms of reducing
breaks in mean compared to removing variance breaks. Variance breaks are reduced by
20-30% by the QCM method for all dates, but LMP and HOM show for three sensor
transitions even a minor increase in FK-positive points (red numbers in Table 3). This
can be the case as some breaks that were initially detected by both tests (mean and
variance) got partly removed during earlier iterations of correction. This is due to the
iterative correction approach, where one iteration might not only correct the break at its
respective transition date (between MSPs) but also at the sensor transition date of the
previous break, i.e. at the beginning of the adjusted period ASPF;. This explanation is
supported by the fact that the number of concurrent mean and variance breaks (”Both”)
is reduced by all methods significantly, but again most for QCM. An increase in detected
(only) variance breaks is therefore not necessarily an indicator of data degradation.

The remaining breaks that were detected after adjustment are either for points where
preconditions were not met (and hence no adjustment was attempted) or where the
adjusted values were discarded (as a bias was introduced or as a break was still detected

after correction).
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5.1 Global break detection and correction

Table 3: TEST STATISTICS BEFORE (ORIG.) AND AFTER ADJUSTMENT WITH LMP,
HOM AND QCM

Test™ Break Detection
Coverage | Mean" Variance” Both™ No Break”
g orig. 20.17 17.84 4.40 1.61 76.15
g LMP 20.14 5.30 3.75 0.94 90.01
> HOM 20.13 6.13 3.80 1.13 88.94
a QCM 20.16 4.39 3.65 0.66 91.30
8 orig. 34.22 20.53 3.53 1.52 74.41
8‘ LMP 34.15 5.10 3.37 0.92 90.61
X HOM 34.13 7.09 3.40 0.98 88.52
Z QCM 34.18 3.87 2.81 0.52 92.80
S orig. 29.34 29.13 3.85 3.19 63.83
g LMP 29.31 9.54 4.16 1.45 84.85
g HOM 29.28 11.32 4.00 1.39 83.30
g QCM 29.33 8.34 3.13 0.90 87.63
g orig. 39.13 24.02 3.58 2.79 69.61
= LMP 39.09 8.81 3.73 1.76 85.70
5 HOM 39.08 10.64 3.74 1.67 83.95
8 QCM 39.11 7.38 3.00 1.06 88.55
w  orig. 53.08 12.97 1.83 0.55 84.65
3 LMP 53.04 4.71 1.70 0.43 93.17
S HOM 53.03 5.14 1.68 0.37 92.81
g QCM 53.07 3.86 1.26 0.25 94.63
o orig. 51.49 25.07 3.13 1.93 69.87
g LMP 51.48 7.25 3.23 1.15 88.37
a4 HOM 51.47 9.12 3.20 1.08 86.59
8 QCM 51.48 5.64 2.52 0.67 91.17

in % of 229392 ESA CCI SM land points without dense vegeta-
tion.

“in % of tested points

Underlined numbers indicate the highest numbers of relative
breaks of each type across all transition dates, bold numbers in-
dicate the best performing method in terms of reduced breaks for
all transition dates. Red numbers indicate an increase in breaks

compared to the unadjusted observations.
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2012-07-01 2002-06-19

(g) 2012-07-01: After QCM adjustment (h) 2002-06-19: After QCM adjustment

No)Break: Mean Variance Both NotiTested) m

Figure 9: Break detection for ESA CCI SM v04.5 COMBINED before adjustment (a, b),
after adjustment with LMP (c, d), after adjustment with HOM (e, f) and after
adjustment with QCM (g, h) for two example sensor transition dates: 2012-
07-01 (left column) and 2002-06-19 (right column). Plots for the remaining
transition dates can be found in SI Figs. 7, 12, 17, and 21. Red areas indicate
a break in mean (WK). Light Green areas indicate a shift in variance (FK).
Dark blue areas define points where both tests were positive and grey areas
where no (significant) break in mean and variance was detected. White areas
indicate that testing was not performed because prerequisites are not met (see
Section 4.1 and SI Fig. 8). Dark green areas are excluded according to the
ESA CCI SM rainforest mask.
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5.2 Analysis of intermediate results 5 RESULTS AND DISCUSSION

5.2 Analysis of intermediate results

In this section we compare some of the intermediate results of (global) break correc-
tion in more detail. Plots here only show a (representative) subset of the global results
to visualise the (small) differences between the methods. The chosen region (grass-
lands/savannas) contains a large amount of breaks in mean and variance around the
masked rainforest area. Fig. 10 shows the according subset of global break detection
for the sensor transition in 1998-01-01. Fig. 10a shows results of the prerequisite checks
before initial testing. Areas marked in blue were actually tested, leading to the detected
homogeneities and breaks shown in Fig. 10b. Based on these results, MSPs and ASPs for
adjustment were created by extending the original sensor periods. Adjustment methods
are then applied, but only for points where also testing with MSPs detected a break.
Comparing Figs. 10b and 10c shows that this is the case for most detected breaks. This
indicates that the use of extended homogeneous sub-periods for adjustment is a viable
option to increase the data size for correction without changes in the detection of a break

or (less important) its type.

NolBreak: NoJBreak

Tested "y Mean A Mean
No Data S % -16° \Variance . 3 -16° VELEES
R<0.5|p>0:05 Laa ) Both { Both

Masked O Masked -/ Masked

(a) Break detection evaluation (b) Detection - Before Adjustment (c) Detection - Extended Periods

Figure 10: 1998-01-01 - subset of global results. Evaluation before initial testing (a)
and detected breaks using (unextended) SSPs (b). Detected breaks after SSP
extension (MSPs) (c) are the basis for break correction (see SI Figs. 9, 13
and 18 for global plots). Masked areas due to dense vegetation are excluded
according to the previous figures.

Fig. 11 shows intermediate test results during correction as well as remaining breaks
after correction for the same date. The left column shows detected breaks between MSPs
after attempting to correct inhomogeneities as found in 10c with the three methods
(LMP in line 1, HOM in line 2, and QCM in line 3). These tests represent the status
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5.2 Analysis of intermediate results 5 RESULTS AND DISCUSSION

of the adjusted candidate before deciding whether to discard or accept the adjusted
values. It can be seen that all three methods manage to reduce breaks in mean. For
QCM a small number and for HOM a slightly larger number of breaks in mean is still
detected afterwards. It can also be seen in the left column that the number of breaks in
variance increases for all methods (least for QCM) compared to Fig. 10c. This shows that
correction methods overall achieve to adjust the shifts in mean, but simultaneously often
introduce new ones in variance instead, and hence change the type of the break instead
of removing it. For LMP this indicates that the differences in the parameters of the
two linear models are in fact a representation of relative mean differences, but matching
observations based on slope and intercept often fails to maintain the homogeneity in
variances for daily observations. Similar results can be observed for HOM (Fig. 11d).
This indicates that the LOWESS fitted quantile differences between the observed and
predicted candidate values include the searched correction in mean but often also affect
the variance. This could be due to differences in the distributions of the candidate in
the used sub-periods and/or due to how corrections are derived from interpolation of the
residuals (smoothing factor o). QCM finally shows the lowest number of variance breaks
in this regard. This indicates that even a small number of quantile categories (QC < 4)
leads to a better performance in terms of restoring or maintaining the homogeneity in
variance compared to the other two methods, albeit not in all cases.

The middle column in Fig. 11 compares adjustment output evaluations for the three
methods. The three respective classes contain only points that were attempted to be
adjusted (according to the left column). 1) ” Accepted” contains points where correction
was attempted and accepted (i.e. no break was detected anymore afterwards, output
evaluations passed). The adjusted values are then stored. 2) ”Break” indicates points,
where after three repetitions of adjustment a break is still detected (the break type might
have changed). In these cases the corrected values are rejected and discarded and the
unadjusted observations within the (unsuccessfully) adjusted sub-period are restored.
3) 7> ABias” indicates that the difference in bias between candidate and reference in
the adjusted period ASP; and the reference period MSP;y was not reduced. These
corrections are then rejected as well and the original values are restored.

Finally, the right column in Fig. 11 shows test results for the adjusted products. They
bring into context the coverage of adjusted and unadjusted areas for each method to a
separate test run with the homogenised data set, again with the (original, unextended)
SSPs. As expected the patterns of remaining breaks are similar to the evaluations in
the middle column (unadjusted breaks should be detected again), but differences are

expected due to the different time periods used.
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5.2 Analysis of intermediate results

NolBreak:
Mean
Variance
Both
INotiTle
Masked
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Accepted ) . 16° VEGE D

Break - Both
>\Bias bt 3 [Notie
Masked W Masked

Figure 11: 1998-01-01 - Test results between MSPs after applying corrections (left

column), adjustment output evaluations (middle column), and detected
breaks in a separate repetition of testing between SSPs (right column).
Results are shown for each of the three methods: LMP (a-c), HOM (d-f)
and QCM (g-i). Densely vegetated areas are masked out as in previous
plots. For the according global plots for the other transition dates, see
SI Figs. 10, 11 and 15, 16 and 19, 20.
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5.2 Analysis of intermediate results 5 RESULTS AND DISCUSSION

Table 4
GLOBAL STATISTICS FOR ADJUSTMENT COVERAGE

Accepted* Break* UnCorr.* > A Bias*

1991-08-05 LMP 61.50 22.92 3.52 12.05
HOM 59.59 27.48 1.17 11.76
QCM 69.77 12.23 3.52 14.48
1998-01-01 LMP 66.79 26.68 3.22 3.31
HOM 60.29 33.09 1.76 4.85
QCM 78.17 14.74 3.24 3.86
2002-06-19 LMP 65.75 28.45 2.43 3.36
HOM 64.33 31.08 0.91 3.68
QCM 77.24 16.84 2.43 3.48
2007-01-01 LMP 59.30 31.30 2.19 7.21
HOM 55.23 35.84 1.26 7.67
QCM T71.77 17.16 2.18 8.89
2010-01-15 LMP 61.80 25.84 2.11 10.25
HOM 61.78 26.39 0.98 10.85
QCM 75.10 10.06 2.11 12.73
2012-07-01 LMP 72.50 20.65 2.20 4.65
HOM 69.10 24.44 0.87 5.58
QCM 82.35 9.60 2.20 5.85

“in % of detected breaks

Table 4 shows statistics for the global adjustment coverage (compare to the middle
column of Fig. 11) for the three methods, i.e. the number of points where adjusted values
were accepted, correction was attempted but adjusted values were discarded ("> ABias”
and "Break”) or correction was not attempted ("UnCorr.”). QCM shows the largest
number of accepted adjustments, globally about 10% more than the other two methods,
for which 60-70% of corrections were accepted. This corresponds with the lowest number
of detected breaks after adjustment with QCM as mentioned in the discussion of Fig.
9. As expected HOM has the smallest number of points where adjustment was not
attempted due to too low correlation (”UnCorr.”), as for this method only the MSP
after the break is evaluated, whereas for LMP and QCM Rp of both periods - MSP;
and M SP; ; - is checked separately. For up to 15% of detected breaks adjusted values are
discarded due to a relative increase in bias. This can be the case if ASP; # MSP; o and
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5.3 Impact of adjustment 5 RESULTS AND DISCUSSION

could for example be due to an undetected break in the adjusted period if corrections
that aim to match the MSPs are then applied to all values. The number of points
for which the corrections were not accepted for this reason is similar across the three
methods. Especially the transitions in 1991 and 2010 show a higher number of these
cases. QCM introduces biases slightly more often than the other two methods, but this
is due to more points being evaluated in this regard as less (variance) breaks remain

after correction.

5.3 Impact of adjustment
5.3.1 Longest Homogeneous Period

Fig. 12 shows the length on the longest homogeneous period, i.e. the maximum period in
the ESA CCI SM v04.5 COMBINED data set over which no break was detected (compare
to Su et al. [45]). Untested sensor transitions are treated in the same way as positively
tested ones (not homogeneous). Fig. 13 shows changes in the length of the longest
homogeneous period after correction with the three respective methods. Due to the
large number of removed breaks - especially in regions in Central Africa, Australia and
South America - an increase in homogeneous period length can be observed. Northern
regions as well as South-East Asia and Europe are less or not affected due to the overall
low number of tested points there. Differences in the longest homogeneous periods
between the methods can only be found for regions where the performance of adjustment
methods differs, i.e. mostly in regions where variance breaks were detected. QCM (Fig.
13c) shows the longest homogeneous periods e.g. in Central Africa, North America or

Australia.

8 12 16 20 24 28
Period Length [years]

Figure 12: Length of the longest homogeneous sub-period in the unadjusted ESA CCI
SM dataset (see SI Fig. 22. for according plots after correction).
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5.3 Impact of adjustment

A Period Length [years]

Figure 13: Increase in length of the longest homogeneous period after correction with
LMP (a), HOM (b) and QCM (c).
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5.3 Impact of adjustment 5 RESULTS AND DISCUSSION

5.3.2 Comparison against independent reanalysis data

Global comparison of validation metrics between the unadjusted and adjusted versions
of ESA CCI SM v04.5 COMBINED against ERA5 SWVL1 shows only small differences
between the methods. For the full period (between 1979 and 2018) we find that Rp of
41518 adjusted points increased in 55.54% of cases by up to 0.055 (for the 99th percentile)
and decreased for the remaining 44.46% by down to -0.048 (for the first percentile of the
differences). Slightly better results are found for QCM, where Rp for 59.95% of points
increased by up to 0.057. For HOM we find a decrease in Rp for 56.11% of pixels, which
indicates a slightly worse performance than the other two methods. A decrease in Rp
can be observed mostly in vegetated areas - around the masked areas. As expected,
we find similar results for ubRMSD. Further, QCM shows the best performance of the
three methods with an overall decrease in ubRMSD with areas in Central Africa and
South-America showing small increases (maps can be found in the SI Figs. 35-38).
The same applies to the other metrics that were calculated, although MSE and RMSD
are found to decrease in most of the before mentioned vegetated areas (e.g. in South-
America). Differences in the metrics for single SSPs are found to be generally slightly
more distinctive than for the full period. For example in SSP; ARp ranges between
-0.14 (HOM) and 0.08 for (LMP) and in SSP; ARMSD is between -0.04 m3m =3 and
0.03 m®>m 3. Compared to the other methods, QCM shows the largest improvements
during SSP validation with up to 70% of pixels showing a better correspondence with
ERAS5 after correction. Notably we detect a slight decrease in Spearman’s R (Rg) after
LMP and HOM with respect to ERA5 (up to -0.3 for single points in some of the earlier
SSPs) whereas changes for QCM are closer to zero or even positive. For a detailed
representation of differences in the metrics for the three compared methods, we refer to
SI Table I as well as the box plots and maps in SI Figs. 23-34. Overall we find that
reducing the number of breaks in ESA CCI SM with the described methods has little
impact on the temporal correspondence with ERA5. This indicates that the corrected
relative biases within the product are small compared to the overall deviations. QCM
shows the best overall performance in terms of the described metrics (shown for ubRMSD
in Fig. 14).
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(a) Cropland (b) Tree Cover (¢) Grassland (d) Other

Figure 14: Difference in ubRMSD between the unadjusted and adjusted versions of ESA
CCI SM v04.5 COMBINED and ERA5. Results are binned based on ESA
CCI Land Cover information for the year 2010 as follows: Cropland (LC
classes 10-30), Tree Cover (LC classes 40-90, 160, 170), Grassland (LC classes
120-130, 180) and all remaining points (Other). A indicates the mean of
all values, — the median, box edges represent the quartiles and whiskers
1.5% IQR.

5.3.3 Trend analysis

Fig. 15 shows the correspondence in (significant) SM trends in the ESA CCI SM v04.5
COMBINED data set before and after QCM adjustment. The respective actual, sig-
nificant trends over the period 1991-2018 in the original and QCM adjusted ESA CCI
SM data are shown in Figs. 16a and 16b (see SI Fig. 39 for the according plots for
LMP and HOM, and SI Fig. 43 for the actual difference values). For comparison also
trends in three reanalysis variables are shown: SWVL1 from ERA-Interim/Land in Fig.
16¢ (1991-2015) and from ERAS5 in Fig. 16d as well as for the reference data used in
the adjustment process - MERRA2 SFMC - in Fig. 16e. Differences between ESA CCI
SM and reanalyses trends are evident from Fig. 16. Trends match better for the three
sub-periods in SI Figs. 40-42 than for the full period.

Most significant trends are preserved during adjustment (grey areas in Fig. 15) or no
significant trends are introduced (white areas in Fig. 15). There are nearly no locations
in Fig. 15 where a significant drying trend changed into a significant wetting trend or
vice versa. This indicates that - even though a large number of inhomogeneities was
removed - the original ESA CCI SM data was influenced only little by the removed
breaks and that most corrected breaks were small. This also applies to the sub-period
trends. As Su et al. [45] pointed out, trends across inhomogeneities can be similar to
those in reanalysis reference data, explaining why correction shows only limited change

in this regard. Overall this strengthens the confidence in the merging scheme of ESA
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5.3 Impact of adjustment 5 RESULTS AND DISCUSSION

CCI SM and its viability for creating a dataset for long term studies. How much single
(extreme) values or noise are affected by the correction procedure is not evident from
this analysis.

There are however some areas where trends that were not significant before adjustment
became significant (light red and light blue areas in Fig. 15), or where significant trends
are not detected anymore after adjustment (orange and turquoise areas in Fig. 15). All
three adjustment methods generally slightly increase the number of detected significant
trends in the data set (LMP +6%, HOM +7%, QCM +8%). Fig. 15 highlights some
areas where QCM introduced significant trends. Trends from the reference data set (Fig.
16¢e) are adopted in most of these cases. Area (A) in Fig. 15 shows a negative trend
after correction and likewise do areas (B) and (C) (compare to Figs. 16a and 16b). The
latter two are (partly) aligned with the negative trends in MERRA2. In general, trends
for areas around the dense vegetation mask seem to be affected more by the correction
process. This could again be due to discrepancies between the MERRA2 model and
ESA CCI SM in these areas (as was shown in Section 5.3.2 for the ERA5 reanalysis).
The positive trends in area (D) are mostly in line with the models. In the Eastern parts
of (D) more significant drying trends than in the original ESA CCI SM are detected.
Areas (E), (F) and (G) show the opposite effect, as trends after correction in these areas
are mostly positive. For (E) and (F) the trends are in line with MERRAZ2, for (G) the
trends after adjustment correspond also to ERA-Interim/Land (Fig. 16c¢).

Figure 15: Sign change in significant (p < 0.05) SM trends after QCM adjustment. ”+"
indicates wetting, ”—" drying and ”()” non-significant trends before, respec-
tively after adjustment. Densely vegetated areas are masked out (dark green).
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5.3 Impact of adjustment

(b) ESA CCI SM v04.5 COMBINED (QCM)

ﬂ?;‘i =z <

(e) MERRA2

-0.0004 ~0.0002 0.0000 0.0002 0.0004
Change in Surface Soil Moisture [m3m~3y~1]

Figure 16: Significant SM trends: In the original (a) and QCM adjusted (b) ESA CCI SM
v04.5 COMBINED data, in ERA-Interim/LAND SWVLL1 (c¢), ERA5 SWVLI1
(d) and MERRA2 SFMC (e).
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6 CONCLUSION

6 Conclusion

In this study we adapted three methods to reduce structural breaks in the ESA CCI SM
v04.5 COMBINED data set. Break detection was implemented in line with the preceding
study by Su et al. [45]. Potential breaks in mean and variance as well as homogeneous
and untestable transitions between sensor period subsets were detected and reduced by
up to 80% with three relative (independent) approaches. All three methods depend on
the use of reanalysis reference data, which was considered to be homogeneous, although
it might not be [47]. Within the common framework that the methods are embedded
into, extended homogeneous sub-periods from initial testing were used for quantifying
detected breaks and for correction. Period extension allows applying corrections to
observations between detected breaks whilst deriving them only from observations within
homogeneous sub-periods. This compromise is necessary as not all sensor transitions of
ESA CCI SM can be tested reliably. Repeated break detection after correction reveals
that a large number of breaks (in mean) is removed by all methods. Of the three methods,
Quantile Category Matching reduces the number of mean breaks the most (up to 80%)
and is also the only method to reliably reduce the number of detected variance breaks.
We therefore consider it the preferred method. Validation of the dataset after correction
shows only little change in terms of bias, (ub)RMSD and correlation with respect to
independent reanalysis reference data. In some areas break correction altered trends in
ESA CCI SM. These alterations where mostly in line with the reference data set used
for correction. Especially for grid cells in the Northern Hemisphere trends remained
mostly unaffected. Overall we consider the limited changes in terms of error metrics
and trends a confirmation of the merging approach of ESA CCI SM, as it indicates that
the removed breaks were small. The impact of adjustment can be larger for spatial or
temporal subsets of the data record.

Potential ways to improve the correction methods include considering different noise
levels between sub-periods for quantifying breaks and during evaluation. To improve the
correction of variance breaks less restrictions in terms of variability of derived corrections
(e.g with a higher number of quantile categories or a different smoothing factor for
interpolation) can be explored. The framework presented here could make use of methods
for joint correction [81] instead of the iterative approach that is currently implemented
and make use of multiple locations (neighbourhoods) to detect and quantify breaks more
reliably. The implemented iterative approach applies corrections to observations between
initially detected breaks. As nonparametric tests are used to detect breaks and not all

breaks can be removed, this could - to some extend - still lead to increasing the size of
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6 CONCLUSION

detected yet not corrected breaks.

Break detection and correction should be seen as an integral part during the creation
and validation of multi-sensor based climate records. This holds true for satellite-based
data sets as it does for terrestrial records. Choosing suitable reference data to find
breaks in satellite records is especially difficult due to the spatial and temporal coverage
needed. Therefore absolute methods for break correction are of particular interest as
satellite observations are known to contain features that are not represented in state of

the art land surface models, such as irrigation [82].

Python code for break detection and correction from this study is publicly available on
GitHub at https://github.com/TUW-GEQ/pybreaks .
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Supporting Information

Homogenisation of structural breaks in the global ESA
CCI Soil Moisture multi-satellite climate data record

The following time series plots show the synthetic break in North Louisiana (Lat: 32.875°, Lon: -91.625°),
which is used to demonstrate the correction methods.

--=- ESA CCI SM v04.5 (COMBINED) biased —— ESA CCI SM v04.5 (COMBINED)
------- ESA CCI SM v04.5 (COMBINED) adjusted —-- MERRA2 SFMC

SM [m3m™3]

2008 2010 2012 2014 2016 2018
Time [years]

Fig. 1: LMP adjustment: Example for an artificially introduced break (vertical red line and dashed red
time series) in a homogeneous temporal subset of an ESA CCI SM v04.5 COMBINED candidate series
(solid black time series). The break is removed using LMP adjustment (dashed blue time series) using
the nearest MERRA2 SFMC simulation (dashed grey time series). The original and adjusted daily values
were resampled via monthly means for plotting purpose.

--=- ESA CCl SM v04.5 (COMBINED) biased —— ESA CCI SM v04.5 (COMBINED)
------- ESA CCI SM v04.5 (COMBINED) adjusted === MERRA2 SFMC

SM [m3m~3]

2007 2009 2011 2013 2015 2017
Time [years]

Fig. 2: HOM adjustment: The same artificial break as for Fig. 1. Correction is performed with HOM (dashed
blue time series) to match the biased part (dashed red time series) of the candidate relatively to the reference
(dashed grey time series).
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--=- ESA CCl SM v04.5 COMBINED biased —— ESA CCI SM v04.5 COMBINED
------- ESA CCI SM v04.5 COMBINED adjusted —=- MERRA2 SFMC

2012 2014
Time [years]

Fig. 3: OQCM adjustment: Same artificial break as in Figs. 1 and 2. The artificially biased observations (dashed
red time series) is corrected using the QCM method (dashed blue time series) with respect to relative changes
in the reference (dashed grey time series).

ESA CCI SM v04.5 COMBINED candidate CDF fits

1.0 P
Rd
208
Z
2
8 0.6
o
[
2
® 0.4
2 /
E —— CANusp,,, (fit GNO)
© 0.2 " == PREDusp,, (fit GEV)
- e — - CANpsp,, (fit GEV)
00 ] 72 - «eor ADJusp,, (fit GEV)
0.1 0.2 0.3 0.4 0.5
SM [m3m~3]

Fig. 4: HOM adjustment: Best fitting candidate CDFs of observed/biased (C AN MSP,.» Ted line) and
predicted (PREDy;sp, ,, black dashed line) candidate before the date of the introduced break and of
the observed candidate after the break introduction date (CANyssp, ,, solid black line). The CDF of the
adjusted candidate (ADJyssp, ,, dotted blue line) is shown for comparison purpose only. For the example
case CDFs were best matched by a Generalized Normal (GNO) respectively a Generalized Extreme Value
(GEV) distribution based on the KS test.

COMBINED_valid_obs_v04.5
90 = — 1.0

m“i' B il LA . ' RS 0.6

Latitude [*]
Fractional Coverage [-]

-60
1979 1981 1983 1985 1987 1989 1991 1993 1995 1997 1999 2001 2003 2005 2007 2009 2011 2013 2015 2017

Fig. 5: Latitude-Time plot of fractional coverage of number of available observations in the ESA CCI SM v04.5
COMBINED data set.
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Fig. 7: Detected breaks during initial testing (with original sensor sub-periods) in the ESA CCI SM v04.5
COMBINED dataset with MERRA2 SFMC as the reference. The first sensor transition date is never tested.
Dark green areas are masked due to dense vegetation.
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Fig. 8: Coverage of initial break testing (with original sensor periods) in the ESA CCI SM v04.5 COMBINED
dataset with MERRA2 SFMC as the reference. Classes indicate reasons why testing was not performed. Dark
green areas are masked due to dense vegetation.
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Fig. 9: Break testing with extended periods, before LMP adjustment with MERRA2 SFMC as the reference.
The first transition date is never tested. Dark green areas are masked due to dense vegetation.
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Fig. 10: Break testing with extended periods, after LMP adjustment with MERRA2 SFMC as
The first transition date is never adjusted. Dark green areas are masked due to dense vegetation.

the reference.
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Accepted Break ‘ >/ABias Masked

Fig. 11: Adjustment coverage (with extended periods) during LMP adjustment with ESA CCI SM v04.5
COMBINED and MERRA2 SFMC as the reference. The first transition date is never adjusted. Dark green
areas are masked due to dense vegetation.
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Fig. 12: Break testing after LMP adjustment with MERRA2 SFMC as the reference. The first transition date is
never tested. Dark green areas are masked due to dense vegetation.
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Fig. 13: Break testing with extended periods, before HOM adjustment with MERRA2 SFMC as the reference.
The first transition date is never tested. Dark green areas are masked due to dense vegetation.
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Fig. 14: Degree of the polynomial that is fitted during HOM adjustment, based on the threshold for using a
linear model if Rp > 0.8. The model is then used to create predictions for adjustment.
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Fig. 15: Break testing with extended periods, after HOM adjustment with MERRA2 SFMC as the reference.
The first transition date is never adjusted. Dark green areas are masked due to dense vegetation.
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Fig. 16: Adjustment coverage (with extended periods) during HOM adjustment with ESA CCI SM v04.5
COMBINED and MERRA2 SFMC as the reference. The first transition date is never adjusted. Dark green
areas are masked due to dense vegetation.
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Fig. 17: Detected breaks in a separate test run after HOM adjustment with MERRA2 SFMC as the reference.
The first transition date is never tested. Dark green areas are masked due to dense vegetation.
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Fig. 18: Break testing with extended periods, before QCM adjustment with MERRA2 SFMC as the reference.
The first transition date is never tested. Dark green areas are masked due to dense vegetation.
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Fig. 19: Break testing with extended periods, after QCM adjustment with MERRA2 SFMC as the reference.
The first transition date is never adjusted. Dark green areas are masked due to dense vegetation.
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Fig. 20: Adjustment coverage (with extended periods) during QCM adjustment with ESA CCI SM v04.5
COMBINED and MERRA2 SFMC as the reference. The first transition date is never adjusted. Dark green
areas are masked due to dense vegetation.
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Fig. 21: Break testing after QCM adjustment with MERRA?2 SFMC as the reference. The first transition date
is never tested. Dark green areas are masked due to dense vegetation.
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Fig. 22: Length of the longest homogeneous sub-period in the LMP, HOM and QCM adjusted ESA CCI SM
v04.5 COMBINED dataset. Green areas indicate masking due to dense vegetation.
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Fig. 23: Difference in Pearson’s R between the unadjusted and adjusted versions of ESA CCI SM v04.5
COMBINED with ERAS SWVLI as the reference. Results are binned based on ESA CCI Land Cover classes.

A indicates the mean of all values, — the median, box edges represent the quartiles and whiskers range until

1.5 IQR of the difference values.
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Fig. 24: Difference in Spearman’s R between the unadjusted
COMBINED with ERAS SWVLI as the reference.
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Fig. 25: Difference in RMSD between the unadjusted and adjusted versions of ESA CCI SM v04.5 COMBINED
with ERA5 SWVLI1 as the reference.
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Fig. 26: Difference in Bias between the unadjusted and adjusted versions of ESA CCI SM v04.5 COMBINED
with ERAS SWVLI as the reference.
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Fig. 27: Difference in MSE between the unadjusted and adjusted versions of ESA CCI SM v04.5 COMBINED
with ERA5 SWVLI1 as the reference.
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Fig. 28: Difference in RSS between the unadjusted and adjusted versions of ESA CCI SM v04.5 COMBINED
with ERAS SWVLI as the reference.
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AR within Full Period ARMSD within Full Period

(e) after QCM (f) after QCM
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A Pearson's R (after adj. - before adj.) A RMSD (after adj. - before adj.)

Fig. 35: Differences in Pearson’s R (left) and RMSD (right) between the unadjusted and the adjusted versions
of ESA CCI SM within the full ESA CCI SM v04.5 COMBINED period (1978-10-26 to 2018-12-31) with
ERAS5 SWVLI as the reference.
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AR in SSP, ARMSD in SSP;

(a) after LMP

(e) after QCM (f) after QCM
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Fig. 36: Differences in Pearson’s R (left) and RMSD (right) between the unadjusted and the adjusted versions
of ESA CCI SM v04.5 COMBINED within SSP; (2010-01-15 to 2012-08-01) with ERAS SWVLI as the
reference.
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AR in SSP; ARMSD in SSP;

(e) after QCM (f) after QCM
DECREASED INCREASED DECREASED INCREASED
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A Pearson's R (after adj. - before adj.) A RMSD (after adj. - before adj.)

Fig. 37: Differences in Pearson’s R (left) and RMSD (right) between the unadjusted and the adjusted versions
of ESA CCI SM v04.5 COMBINED within SSP; (2002-06-19 to 2007-01-01) with ERAS SWVLI as the
reference.
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AR in SSPs ARMSD in SSPs

(b) after LMP

(e) after QCM (f) after QCM
DECREASED INCREASED DECREASED INCREASED
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A Pearson's R (after adj. - before adj.) A RMSD (after adj. - before adj.)

Fig. 38: Differences in Pearson’s R (left) and RMSD (right) between the unadjusted and the adjusted versions
of ESA CCI SM v04.5 COMBINED within SSPs (1987-07-09 to 1991-08-05) with ERAS SWVLI as the
reference.
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(e) QCM: ESA CCI SM v04.5 COMBINED (f) MERRA2

(g) ESA CCI SM v04.5 COMBINED

T T T
—0.0020 -0.0015 -0.0010 -0.0005 0.0000 0.0005 0.0010 0.0015 0.0020
Change in Surface Soil Moisture [m3m—3y 1]

Fig. 40: Significant (p<0.05) trends in the period 2010-01-05 to 2018-06-30 in the original (g), LMP adjusted (a),
HOM adjusted (c) and QCM adjusted (e) ESA CCI SM v04.5 COMBINED data set and in ERA-Interim/Land
SWVLI1 (b), ERAS SWVLI1 (d) and MERRA2 SFMC (f); with areas masked out according to the ESA CCI
SM dense vegetation mask.
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(e) QCM: ESA CCI SM v04.5 COMBINED (f) MERRA2

(g) ESA CCI SM v04.5 COMBINED

T T T
—0.0020 -0.0015 -0.0010 -0.0005 0.0000 0.0005 0.0010 0.0015 0.0020
Change in Surface Soil Moisture [m3m—3y 1]

Fig. 41: Significant (p<0.05) trends in the period 2002-06-19 to 2010-01-15 in the original (g), LMP adjusted (a),
HOM adjusted (c) and QCM adjusted (e) ESA CCI SM v04.5 COMBINED data set and in ERA-Interim/Land
SWVLI1 (b), ERAS SWVLI1 (d) and MERRA2 SFMC (f); with areas masked out according to the ESA CCI
SM dense vegetation mask.
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(2) ESA CCI SM v04.5 COMBINED

-0.0020 —0.0015 —0.0010 —0.0005 0.0000 0.0005 0.0010 0.0015 0.0020
Change in Surface Soil Moisture [m3m~3y~1]
Fig. 42: Significant (p<0.05) trends in the period 1991-08-05 to 2002-06-19 in the original (g), LMP adjusted (a),
HOM adjusted (c) and QCM adjusted (e) ESA CCI SM v04.5 COMBINED data set and in ERA-Interim/Land
SWVLI (b), ERA5 SWVLI (d) and MERRA2 SFMC (f); with areas masked out according to the ESA CCI
SM dense vegetation mask.
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(c) after QCM

DECREASE INCREASE

~0.00100-0.00075—0.00050 ~0.00025 0.00000 0.00025 0.00050 0.00075 0.00100
Trend after adjustment - Trend before adjustment
Fig. 43: Difference in significant trends in ESA CCI SM v4.5 COMBINED over the period 1991-2018 before
and after correction with LMP, HOM and QCM.
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